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This study reports a new property of the important NAD(P)H-dependent flavoenzymes, glutathione reductase, lipoyl dehydrogenase and fer- 
redoxin-NADP+ oxidoreductase, that can catalyze a one electron reduction of metal ions such as chromium(VI) and vanadium(V). During the 
enzymatic reduction process, molecular oxygen is reduced to H,O,, which reacts with the reduced metal complexes to generate hydroxyl radicals. 
Since the hydroxyl radicals have been suggested to play an important role in Cr(VI) toxicity, this study provides a basis for a recent observation 
that Cr(V1) mutagenesis strongly oxygen dependent. These results also point to an enzymatic pathway for the metabolism of some metal ions 
and concomitant generation of hydroxyl radicals. 
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1. INTRODUCTION 2. EXPERIMENTAL PROCEDURES 
The purpose of this communication is to report that 
some important NAD(P)H-dependent flavoenzymes 
(glutathione reductase, lipoyl dehydrogenase and 
ferredoxin-NADP+ oxidoreductase) can catalyze one 
electron reduction of metal ions such as chromium(V1) 
and vanadium(V) and simultaneously reduce molecular 
oxygen to generate Hz02 and, eventually, the ‘OH 
radical. This finding is significant because (i) the known 
substrates for the flavoenzymes are organic species and 
not metal ions, and (ii) the report on the enzymatic for- 
mation of the ‘OH radical provides a new pathway for 
understanding the mechanism of genotoxicity of some 
non-ferrous metal ions. For example, it has been sug- 
gested that ‘OH radical is likely to be the major species 
responsible for Cr(V1) genotoxicity [l-5]. The ‘OH 
radical is generated through the reaction of Cr(V) com- 
plexes with cellular Hz02 [4,5]. Cr(V) itself is known to 
be generated from Cr(V1) in various biological systems, 
in particular, microsomes [6], mitochondria [7] and 
mitochondrial electron transfer chain complexes [g]. 
However, no specific enzyme responsible for the Cr(V) 
generation has been identified except possibly gluta- 
thione reductase [4]. In this study we have used ESR 
and spin trapping techniques to show that the flavo- 
enzymes can generate Cr(V) and provide a catalytic 
redox cycle for ‘OH formation in such reactions. 
Herein we present our results on Cr(V1) and summarize 
those on other systems. 
Ethanol, hydrogen peroxide, phosphate buffer solution of pH 7.2 
and potassium dichromate were purchased from Fisher. Glutathione 
reductase (GSSG-R) from bovine intestinal mucosa, lipoyl 
hydrogenase from Clostridium, ferredoxin-NADP+ oxidoreductase 
from spinach leaves, catalase from bovine liver, NADPH and sodium 
formate were purchased from Sigma. The spin trap, 5,5-di- 
methyl-1-pyrroline-N-oxide (DMPO), was purchased from Aldrich 
and purified by charcoal decolorization [9]. 
ESR measurements were made using a Bruker ER 200D ESR spec- 
trometer. This spectrometer operates at X-band (- 9.7 GHz) frequen- 
cies and uses a rectangular TELOZ resonant cavity equipped with a flat 
quartz cell. For accurate measurements of g-values and hyperfine 
splittings, the magnetic field was calibrated with a self-tracking NMR 
gaussmeter (Bruker, model ER035A) and the microwave frequency 
was measured with a digital frequency counter (Hewlett-Packard, 
model 5340A). An ASPECT 2000 computer was used for data ac- 
quisition and analysis. The concentrations given in the figure legends 
were final concentrations. All experiments were carried out at room 
temperature. 
3. RESULTS AND DISCUSSION 
Correspondence address: N.S. Dalal, Department of Chemistry, 
West Virginia University, Morgantown, WV 29506, USA 
An aqueous Cr(V1) solution containing NADPH, 
lipoyl dehydrogenase, and the spin trap, 5,5-di- 
methyl-1-pyrroline-N-oxide (DMPO), at physiological 
pH (7.2) exhibits an ESR spectrum consisting of a 
1 : 2: 2: 1 quartet with splittings of au = UN = 14.9 G 
(Fig. la). Based on these splitting constants, the 
1: 2 : 2 : 1 quartet was assigned to a DMPO-OH adduct 
[lo, 111. The peak at g = 1.9792 was assigned to a Cr(V) 
species as will be discussed later. Omission of any one 
component results in a strong decrease in the overall 
spectral intensity (Fig. 1 b-d). A confirmational piece of 
evidence for the ‘OH radical trapping was obtained 
through the standard ‘OH scavenging competition ex- 
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periments involving formate or ethanol [lO,ll]. As 
shown in Fig. le, addition of formate causes a signifi- 
cant decrease in the intensity of DMPO-OH spin adduct 
signal and leads to the appearance of a new spin adduct 
signal with measured hyperfine splittings of aH = 18.7 G 
and UN = 15.7 G. These splittings are typical of those of 
the DMPO-COO- adduct [lo]. Similar, confirma- 
tional, results were obtained with ethanol (Fig. lf), 
showing that the DMPO-OH spin adduct is indeed the 
c- --- - -K&20, 
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Fig. 1 .(a) ESR spectrum recorded after mixing in a phosphate buffer 
solution (pH 7.2) of 60 mM DMPO, 2 mM NADPH, 2 mM &Cr207, 
and 40 units/ml lipoyi dehydrogenase. (b) Same as (a) but without 
NADPH. (c) Same as (a) but without KzCrz07. (d) Same as (a) but 
without lipoyl dehydrogenase. (e) Same as (a) but with 0.2 M sodium 
formate added. (f) Same as (a) but with 0.2 M ethanol added. (g) 
Same as (a) but experiment was carried out in a nitrogen atmosphere. 
(h) Same as (a) but with 5000 units/ml catalase added. (i) Same as (a) 
but with 0.4 mM Hz02 added. (j) Same as (a) but with 2 mM HtOz 
added. 
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result of trapping of the ‘OH radical formed during the 
reaction. ESR measurements showed also that the ‘OH 
adduct signal decreases under anaerobic conditions 
(Fig. lg), confirming the participation of molecular ox- 
ygen in *OH generation. Furthermore, addition of 
catalase, whose function is to remove HzOz, essentially 
eliminated the DMPO-OH signal and substantially 
enhanced the Cr(V) peak (Fig. Ih). This observation is 
consistent with the result of the anaerobic measurement 
(Fig. lg) wherein the Cr(V) signal is stronger than in 
Fig. la but smaller than that in Fig. lh. Additional 
measurements involving controlled amounts of added 
Hz02 showed that the signal from the DMPO-OH ad- 
duct increases but that from Cr(V) decreases in propor- 
tion to the amount of Hz02 added (Fig. li, lj). These 
results clearly indicate that molecular oxygen is reduced 
to Hz02 during the enzymatic Cr(V1) reduction, and 
this Hz02 subsequently reacts with Cr(V) to generate 
the ‘OH radical. 
For identification of the enzymaticaily generated 
Cr(V) intermediates and their role in *OH generation, 
ESR measurements were made on a reaction mixture 
containing lipoyl dehydrogenase, NADPH and Cr(V1) 
under a narrower magnetic scan field (Fig. 2a). The 
spectrum obtained is centered at g = 1.9792 and exhibits 
five partiaIly resolved principal components with 0.84 
G spacing. This spectrum is reminiscent of that of a 
Cr(V)-NADPH complex reported earlier [S]. When the 
spectrum of Fig. 2a was recorded at a higher modula- 
tion amplitude and a wider scan width, it exhibited four 
satellite signals due to 53Cr (9.55%, abundance, I= 312) 
hyperfine structure (Fig. 1 b). The observed 53Cr hyper- 
fine splitting of 17.8 G is nearly the same as that for the 
earlier reported Cr(V)-NADPH complex and related 
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Fig. 2. (a) ESR spectrum recorded after mixing in a phosphate buffer 
solution (PH 7.2) of 2 mM NADPH, 2 mM K2Cr207, and 40 units/ml 
Iipoyl dehydrogenase. (b) Same as (a) but spectrum recorded at high 
spectrometer gain and wider scan width (indicated). 
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Cr(V) complexes with oxygen ligands [5,12-141. Thus 
the spectra in Fig. la and lb are assigned to a Cr(V)- 
NADPH complex. 
Essentially similar results were obtained using 
glutathione reductase or ferredoxin-NADPH+ ox- 
idoreductase in place of lipoyl dehydrogenase, and 
NADH instead of NADPH. These results suggest he 
following pathway for the Cr(V1) reduction and ‘OH 
generation: 
HzOz 
NAD(P)+ 
NAD(P)H3 1 c-;;;;rg c; 
02 
This reaction scheme implies that during the Cr(VI)- 
mediated enzymatic ‘OH generation, only NAD(P)H 
and molecular oxygen are consumed. Thus, a trace 
amount of Cr(V1) could catalytically generate the 
highly toxic ‘OH radical and act as a radiomimetic ‘OH 
generating system. The relatively long life-time (longer 
than minutes) of the Cr(V) complexes could enable 
them to reach cellular targets and cause a site-specific 
‘OH radical attack [ 151. 
Using the same methodology, we detected 
vanadate(IV) formation in the NAD(P)H-dependent 
reduction of vanadate(V) by lipoyl dehydrogenase, as 
well as the production of ‘OH radical (data not shown). 
It is possible that the above-mentioned flavoenzymes 
may also catalyze the reduction of other metal ions; 
such studies are currently in progress. 
In conclusion, while earlier preliminary studies [4,16] 
had indicated that glutathione reductase can act as a 
reductase for chromate Cr(V1) and vanadate(V), the 
present study suggests that this is likely to be a general 
property of the NAD(P)H-dependent flavoenzymes. 
Since metal ions and molecular oxygen have no obvious 
similarity to the currently known (i.e. organic) 
substrates of these flavoenzymes, further investigation 
of the mechanism of the reduction of metal ions and 
molecular oxygen by such enzymes should be of fun- 
damental importance from the general view point of en- 
zymology and metal ion metabolism. Another new fin- 
ding is that the reduction process uses molecular oxygen 
to generate H202, which in turn participates in the 
generation of the ‘OH radical. The involvement of ox- 
ygen reduction in the Cr(VI)-mediated ‘OH radical 
generation provides a possible basis for a recent obser- 
vation that Cr(V1) mutagenesis is strongly oxygen 
dependent [ 171. Further investigations on the 
mechanism of their Hz02 generation might reveal new 
insight on the biochemical, and, in particular, the metal 
toxicity aspects of these enzymes. 
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